Glass is one of the most important items of physical evidence in a criminal investigation. When a glass bottle was employed as a weapon in homicides or injury cases, glass fragments found at the crime scene should be compared with those recovered from a piece of clothing of a suspect and from a body of victim. If these fragments are considered to originate from the same source, they can be useful physical evidence which proves contact between the suspect and the victim. 1, 2 Forensic discrimination of glass fragments has been carried out by comparison of color and thickness, measurement of physical properties, [3] [4] [5] [6] such as refractive index (RI) and density, and observation of original surface under interference microscope. 7 However, elemental analysis of glasses can provide additional information for the discrimination. 8, 10, 14 Instrumental analysis, such as NAA, 9 EPMA, 10 XRF, 8, [11] [12] [13] AAS 12 and ICP-AES, 8, 12, 14, 15 have been applied to this purpose. Comparison of elemental composition has been used also for the discrimination of other industrial products. [16] [17] [18] [19] In these papers, it is reported that comparison of trace elements in the materials is effective for discrimination, because the contents of trace elements are not strictly controlled during manufacturing processes. In this study, RI measurement and analysis of trace elements with ICP-MS were applied to forensic discrimination of bottle glass. Combination of these two methods achieved a significant improvement of discrimination capability.
Experimental

Apparatus
The RI measurement system used in this study is a phase contrast microscope with the hot stage of Model FP82HT (METTLER, Greifensee, Switzerland) and the control unit of Model GRIM2 (foster+freeman, Worcestershire, UK) attached.
As the illumination for RI measurement, a halogen bulb lamp was used together with an interference filter of 589 nm. The microwave oven of Model MDS-2000 and lined digestion vessels (CEM Co., North Carolina, USA) were employed for dissolution of glass fragments into acid.
The ICP-MS instrument of Model SPQ-8000 (Seiko Instruments Inc., Chiba, Japan) was used for analysis of trace elements in glass. Since hydrofluoric acid used for sample digestion remained in the final analysis solution, a concentric nebulizer made of platinum, a Teflon spray chamber, and a plasma torch of α-alumina inner tube were used for the sample introduction system. The operating conditions of ICP-MS are given in Table 1 . These operating conditions and ion lens settings were tuned so as to obtain the maximum responses for both 59 Measurement of refractive index and trace element analysis by ICP-MS were applied to the forensic discrimination of bottle glass samples from different origins. Refractive index was calculated from the matching temperature at which glass fragments became invisible in the silicone oil. Sample solution for ICP-MS was prepared by dissolving approximately 10 mg of glass fragments into a mixture of 0.5 ml of HF and 0.5 ml of HClO4 and heating for 2 h using a microwave oven, followed by dilution to 25 ml after 2 ml of HNO3 was added. Thirteen elements (Co, Cu, Zn, Rb, Sr, Zr, Ag, Sn, Sb, Ba, La, Ce and Pb) were found to be useful for the discrimination of bottle glasses. These elements in NIST SRM 612 (Trace Elements in Glass) could be determined with an RSD less than 3.2%, except for Sn and Pb. The proposed method was applied to 16 bottle glass samples. Of 120 pairs among 16 bottle samples, 13 pairs were indistinguishable by RI only. Combination of trace element analysis by ICP-MS and refractive index measurement made it possible to distinguish all the pairs. 
Reagents
Silicone oil for RI measurement was SH710, purchased from Toray·Dow Corning Silicone (Tokyo, Japan). The water used throughout the present experiment was prepared by a Milli-Q system (Nihon Millipore Kogyo Ltd., Tokyo, Japan). Hydrofluoric acid and nitric acid were of ultrapure grade (Kanto Chemical Co., Inc. Tokyo, Japan). Perchloric acid used was TAMAPURE-AA-100 (Tama Chemicals Co. Ltd., Tokyo, Japan). A multi-element standard stock solution contaning 10 µg ml -1 of each element was made by mixing single-element standard solutions for AAS (Wako Pure Chemical Ltd., Osaka, Japan). A standard stock solution of Pd as internal standard was prepared in the same way. Working standard solutions for calibration were prepared by diluting the above multi-element standard stock solution.
Samples
Standard glass samples (K1, K7, BK7, K5 and PK3, Ohara Inc., Kanagawa, Japan) with certified RI values were used to make a calibration curve between RI of silicone oil and temperature. NIST Standard Reference Material 612 (Trace Elements in Glass) was used to evaluate the accuracy and precision of analytical results obtained by the present method.
In order to determine the discrimination capability of the present method, 16 brown glass bottles for beer were collected. These bottle samples could not be distinguished from each other by the observation of their appearance. They were washed with water, dried in the air and broken into small pieces wrapped in a sheet of paper with a hammer. Among these pieces of bottle glass, 4 pieces were selected from neck, shoulder, body and bottom of each bottle as shown in Fig. 1 . Glass fragments for RI measurement were prepared by crushing a piece of glass into an appropriate size (approximately 0.5 mm or smaller) with an agate mortar after washing with ethanol and drying in the air. Fragments for trace elements analysis was prepared as follows. Each piece of glass was washed 6 times with acetone and water. After being dried in the oven, this piece was crushed into appropriate size with the agate mortar. The agate mortar was washed with acetone and water before each use.
Procedure Refractive index measurement.
Glass fragments were mounted in the silicone oil and observed with the microscope as the temperature of the hot stage was varied at 4˚C min -1 . The match temperature at which the glass became invisible due to the same RI with the oil was measured. Refractive Index of the glass was calculated using the match temperature and the calibration curve. Such a measurement was repeated 5 times for each sample using different fragments.
Analysis of trace elements by ICP-MS.
About 10 mg of glass fragments were weighted accurately, transferred to a vessel and 0.5 ml of hydrofluoric acid and 0.5 ml of perchloric acid was added. The vessel was closed with a cap and heated in the microwave oven for 10 min at 630 W and for 110 min at 315 W successively until glass fragments were completely dissolved. After cooling to room temperature, 2 ml of nitric acid and 0.1 ml of 10 µg ml -1 of Pd solution were added, followed by dilution to 25 ml with water in a volumetric flask made of polymethylpentene.
Results and Discussion
Result of RI measurement
Refractive index of glass is influenced not only by chemical components but also by the cooling process when it was produced. For this reason, it is possible that glass fragments taken from the same bottle might show different RI values between surface and inner part due to different cooling rates. In order to evaluate the variation of RI value in a bottle, fragments taken from different parts of a bottle were subjected to RI measurement. The results are given in Table 2 . No significant difference in RI values was observed between different sampling depths at any position. The variation of RI value in this bottle was approximately 0.0001 by standard deviation (SD). On the basis of this result, a pair of glass samples is considered distinguishable in further experiment when they offer RI difference 0.0002, twice as large as SD mentioned above, or more. The result of RI measurement for 16 different bottles is given in Table 3 . Refractive index of these samples occurred in the range from 1.5199 to 1.5224. This wide range across different sources and narrow variation within a same bottle suggest that most of glass samples can be discriminated from each other by comparison of only RI. However, it is obvious that the RI difference of some glass samples is too small to be discriminated. Difference in RI value was calculated for all of 120 pairs among 16 samples. As the result, 107 pairs were distinguishable, whereas 13 pairs were not.
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Digestion of glass fragments
In order to dissolve glass sample into acid in a short time, it is effective to grind it into powder before digestion. However, the amount of glass sample recovered at crime scene is often very small and it is required to dissolve it without grinding, so as to prevent loss of sample and decrease contamination from a vessel during crushing. In this study, application of microwave oven was examined for this purpose. One glass fragment of approximately 2 to 5 mg was transferred into a vessel, 1 ml of acid was added; the vessel was sealed tightly and heated by a microwave oven for 1 to 5 h. The power of the microwave oven was adjusted at 630 W. After heating was completed, each sample was cooled to room temperature. As a reagent for dissolution, 1) 1 ml HF, 2) 0.5 ml HF + 0.5 ml HNO3, 3) 0.5ml HF + 0.5 ml HCl, and 4) 0.5 ml HF + 0.5 ml HClO4 were compared. A glass fragment could be completely dissolved into the mixture of HF and HClO4 after heating for 2 h, whereas some part of the fragment remained even after 5 h of heating when some other reagent was used. In further experiments, 0.5 ml HF + 0.5 ml HClO4 was used to dissolve glass fragments. In addition, the operating condition of microwave oven was modified to 10 min at 630 W followed by 110 min at 315 W in order to reduce overload on the instrument; this change had no effect on the result of digestion.
Selection of elements for discrimination
Before the quantitative analysis, useful trace elements must be selected for the discrimination of bottle glass samples preliminarily. For this purpose, the mass spectrum of each bottle glass sample was measured in the atomic mass range from m/z = 50 to m/z = 210, while the sample solution was introduced into ICP-MS. Spectra of solutions containing sample 8, 11 and reagent only are shown in Fig. 2 . A considerable difference is observed between two samples in the ion counts of elements such as Zn, Ag and Sb. This result indicates that comparison of analytical values for these elements makes it possible to distinguish these two glass samples. Mass spectra of all the bottle samples were compared in the same way. As the result, it was suggested that 13 elements (Co, Cu, Zn, Rb, Sr, Zr, Ag, Sn, Sb, Ba, La, Ce and Pb) could be useful for the discrimination. These elements were selected for quantitative analysis in further experiments.
Analytical result for standard sample
Standard reference material, NIST 612, was analyzed by the present method. The analytical results are given in Table 4 . The observed values for 7 elements (Cu, Rb, Sr, Ag, Ba, La and Ce) show good agreement with certified or reference values. It is also good for source discrimination that relative standard deviations (RSDs) for these elements are within 3% of mean values. The observed value for Co is lower than that certified by the variance of approximately 10%. Elements such as Zn, Zr and Sb have neither certified nor reference values, which makes it impossible to evaluate the accuracy for these elements. However, the precision for these elements is sufficiently good, since they could be determined with RSDs less than 3.2%. These results indicate that the comparison of 11 elements mentioned above (Co, Cu, Zn, Rb, Sr, Zr, Ag, Sb, Ba, La and Ce) can be effective for the discrimination of bottle glass samples even when their difference in concentration is small between two samples. It should be noted that comparison of Sn and Pb is useful only when two samples compared offer differences large enough.
Analytical results for bottle glass
Analytical results of glass samples with identical RI values are given in Table 5 . The result for Ag is not in this table, because Ag was found only in sample 8 and not in the others. The observed value for Ag in sample 8 was 3.1 ± 0.4 µg g -1 . Pairs of samples which belong to the same group can not be distinguished by the comparison of only RI except for 2 pairs (2 and 3, 13 and 3). Discrimination of these samples by analytical results was performed as follows. 14 The ranges (mean ± 2SD) 1197 ANALYTICAL SCIENCES NOVEMBER 2000, VOL. 16 of each element are compared between two samples. If the ranges overlap for all elements, then the samples are considered to be indistinguishable, whereas if the ranges for one or more elements are separated, then the samples are considered to be distinguishable. All of 13 indistinguishable glass sample pairs by RI comparison can be discriminated by this method. In conclusion, analysis of trace elements combined with RI measurement achieved significant improvement in the discrimination capability for bottle glass samples. Table 5 10.5 ± 0.9
